Abstract -This paper discusses a method for reducing cogging torque and harmonic content of back EMF waveforms in modulated pole machines (MPMs). Tooth pitching is applied to a separate phase MPM in order to reduce the most prominent harmonics present in a three-phase MPM's cogging torque. Experimental results show that the application of tooth pitching to these machines can reduce the cogging torque and back EMF harmonics significantly; this comes without a significant impact to the useful output of the machine and without the need for extra components. Such a technique can be easily applied to existing machine designs without increasing the production cost.
I. INTRODUCTION
ODULATED Pole Machines (MPMs) such as Transverse Flux [1] [2] [3] [4] and Claw Pole [5] [6] [7] [8] machines are known for their ability to produce a high torque relative to their volume. This has made them desirable for direct drive applications where a high torque is required at a low rotational speed, such as traction applications [9] [10] , wind turbines [11] , and wave generation [12] .
MPMs differ from conventional longitudinal flux machines in the fact that the electrical and magnetic circuits of the machine are effectively decoupled. The performance of the magnetic circuit is determined by the teeth and coreback of the machine. The number, size, and circumferential position of the teeth can be set independently of the size of the coil, which determines the electrical performance of the machine for a given thermal limit.
Furthermore, as the magneto-motive force (MMF) of the coil is seen across all the teeth of the machine, an increase in the tooth number (effectively a reduction in the pole pitch) leads to an increase in the electrical loading of the machine [13] . This property means that MPMs tend to have a high pole number with 50-100 poles being by no means unusual.
MPMs suffer from a common set of drawbacks, namely a high cogging torque (and consequently a high torque ripple) [2] , and a low power-factor [14] . The aim of this paper is to explore and analyse a technique to reduce the cogging torque of the machine.
Typical techniques for reducing cogging torque in MPMs (and synchronous machines in general) have included; current shaping [15] , tooth shape optimisation [16, 17] and rotor or stator skew [17, 18] reduce the cogging torque of the machine will be investigated. It will be shown that the same technique also reduces harmonic content of the back EMF waveform, which when combined with the cogging torque is important in determining the torque ripple of the machine.
The term "Modulated Pole Machine" is used here to capture all machine types where the field generated by a coil is guided or "modulated" into many poles by the surrounding toothed iron stator structure, this is a property common to Claw Pole and Transverse Flux Machines. This paper is concerned with a Modulated Pole Machine of the Transverse Flux type although the techniques discussed are applicable to any MPM.
II. SINGLE PHASE MACHINES
Cogging torque is an effect common to all slotted permanent magnet machines, it stems from the tendency for the permanent magnets in the rotor to line up with the stator teeth in such a way as to minimise the reluctance of the magnetic circuit when no current is applied. In conventional machines a low cogging torque can be achieved by an appropriate choice of a slot/pole combination with a high common multiple [19, 20] . This is not the case in MPMs.
The basic operation of an MPM requires that there are an equal number of teeth and poles, therefore at a number of points in an electrical cycle all teeth align with a pole in the position of minimum reluctance. When the poles and teeth are aligned a single phase machine cannot reliably start. The equal number of teeth and poles also leads to a high cogging torque with a low frequency in comparison to the electrical frequency. Fig. 1 shows a single pole-pair of a single-phase outer rotor MPM. The rotor is constructed from soft magnetic composite (SMC) poles and circumferentially magnetised permanent magnets; these alternate in their direction of magnetisation around the circumference of the machine, in the standard flux concentrating style. The rotor is aligned in the d-axis; the position of maximum flux linkage and minimum reluctance. The permanent magnets (1) deliver flux into the central rotor pole (2) . The flux travels down this pole and across the air gap into the stator tooth (4), around the core-back (5) and splits between the two teeth of the opposite stator half (6) which is displaced circumferentially 180° electrical from tooth (4) . Finally the flux crosses the air gap once again returning to the magnets through the outer poles (3) .
During an electrical cycle the rotor aligns in the d-axis twice, the rotor sees a low reluctance in this position and zero cogging torque results. The d-axis is a stable zerotorque position; a small perturbation in either direction will result in a torque that acts to realign the rotor in the d-axis position. Fig. 2 shows the rotor positioned in the q-axis; in this position the magnet is directly above a tooth which provides a short return path for the magnet flux. This is another stable position, the rotor experiences a low reluctance and hence zero cogging torque. The cogging torque of a single phase, shown in Fig. 3 , is periodic and anti-symmetric about 0°, it contains only even harmonics, and can be expressed as;
Where ܶ is the cogging torque produced at a rotor angle of θ and ‫ܯ|‬ | is the magnitude of the harmonic ݊.
Harmonic content in the back EMF waveform is also known to contribute to torque ripple. Machines of this type can exhibit high harmonic content especially on load as was shown in [21] , Both cogging torque and harmonic content will hence be considered in this analysis.
III. THREE-PHASE MACHINES
Three phase machines are particularly popular due to the availability of standard 'off the shelf' converters. Fig. 4 shows an axial view of a typical three-phase MPM arrangement, composed of three single-phase MPM units with an axial separation between. This separation needs to be significantly larger than the air gap and acts to reduce the amount of mutual coupling between adjacent phases; this machine will be termed a separate-phase machine.
Tooth 1 denotes the two teeth enclosing the coil A; this is phase A; tooth 1 and 1' are displaced 180° apart circumferentially. To create a balanced three-phase arrangement tooth 2 of phase B is displaced 120° from tooth 1 and tooth 3 of phase C a further 120°. Each phase produces its own cogging torque, as shown in Fig. 3 , these three cogging torques (displaced by 120°) are summed together by the shaft to create the resultant cogging torque for the whole machine.
Assuming that due to the gap between phases the mutual coupling is low, then the harmonic content of the three phase cogging torque can be calculated by a simple summation of three single phase cogging torque waveforms with the appropriate 120° phase displacement between;
Trigonometric identities applied to Equation (2) simplify analysis, giving Equation (3); the summation of a sin and cosine components; The resulting equation shows that the cogging torque of a three phase machine contains only space harmonics that are multiples of six, and these harmonics have a magnitude that is three times that of a single phase machine. This property means that if mutual coupling in the machine is considered to be low, finite element analysis (FEA) of a single phase machine is all that is required when investigations into three phase cogging torque are conducted. This saves significant computation time. Unfortunately this is not the case in the following analysis.
To reduce the number of components required for construction of the machine the machines considered in this paper utilise a common rotor, as shown in Fig. 5 . Although this approach reduces the rotor part count by a factor of three, it does lead to a small increase in the mutual coupling between adjacent phases. As a result any FEA conducted is based upon a three-phase model. 
IV. TOOTH PITCHING
Conventional machines use the concept of coil pitching to reduce harmonic content in the voltage waveforms in order to produce a smoother torque or current. This approach is not possible in MPMs due to the fact that the coil is a simple hoop placed between two toothed stator components. It is these components that guide the two pole field of the coil into a multi-pole field with a pole number equal to the number of teeth surrounding the coil. Conversely it is these teeth that guide the airgap flux from the magnets around the coil hence modifying these teeth can change the flux linking the coil of the machine.
It is therefore suggested that instead of moving the coils as in conventional radial flux machines that the teeth be shifted or 'pitched' in such a way that the cogging torque of the machine is reduced. A method of symmetrical shifts has been applied to an axial flux MPM; finite element calculations suggested a beneficial reduction in torque ripple [22] .
For example consider a 'fully pitched' MPM, each tooth on a single stator component is placed a full electrical cycle circumferentially from the next. A second stator segment is then placed next to this with a shift of 180° electrical between the two this produces the situation shown in Fig. 1 and is the standard setup for an MPM. Now consider a machine with teeth pitched in a similar manner to the coils in a conventional machine. A pitching angle of 60° electrical has been chosen to exaggerate the effect. The first tooth is shifted by 30° clockwise, the next tooth is shifted 30° anticlockwise and the third tooth 30° clockwise once again, this pattern is repeated every two pole-pairs as shown in Fig. 6 . (The middle tooth of Fig. 6 . has been shifted by 60° giving the same effect as described).
The pitching angle is chosen in the same way as coil pitching in conventional machines, the pitching angle, α, is set to minimise the pitching factor, k p , for the harmonic of interest, m as follows;
It has been shown that the dominant cogging torque harmonic is the 6 th ; the angle, α, corresponding to a pitching factor of zero for the 6 th harmonic is 30° hence this pitching angle is used in subsequent analysis.
It is worth nothing that unlike conventional machines, where the finite number of slots result in discreet pitching angles, there are no such limitations with the position of the teeth in an MPM; any pitching angle can be chosen regardless of the number of poles or phases, giving complete design freedom. 
V. FINITE ELEMENT ANALYSIS
A three-phase machine without pitching has previously been constructed, tested and reported [6] . Consequently measured data from a fully pitched machine has previously been compared with FEA simulations. Figs. 7 and 8 show the comparisons of measured and simulated results for both the back EMF and cogging torque. The characteristics of the waveforms are similar in both cases. The mean square error of the EMF and cogging torque are less than 5% and 10% respectively. It was therefore considered that further finite element calculations for the pitched machine could be considered valid for comparison For a fair comparison between the pitched and fully pitched machines all features, except for the tooth profile resulting from pitching, were kept the same. The same rotor was used in both cases, this was modelled as being constructed from Somaloy® 3P [23] SMC rotor pole pieces and Neodymium Grade N35 magnets (B r =1.2 T). 
A. Pitched FE Model
For the separate-phase machine without pitching it was possible to model only one pole pair of the machine with an even periodic boundary applied to the radial edges of the model.
The pitched machine is only periodic in its geometry every two pole pairs, hence a larger FE model is required. This leads to a model with an increased complexity and greater computational time, the FE model of the pitched machine is shown in Fig. 9 . 
B. FE Comparison
A pitching angle of 30° electrical was applied in an attempt to eliminate the 6 th harmonic of cogging torque, this angle should also have a positive effect on the back EMF which was found to have a 5 th harmonic component. Fig. 10 shows a comparison of the FEA cogging torque for both machines. The cogging torque of the pitched machine has been reduced from a peak of 1.62Nm to a peak of 0.622Nm.
The back EMF of the machine is not significantly affected by the pitching, although the EMF waveform of the pitched machine is more sinusoidal due to the reduced harmonic content, this can be seen in Fig. 11 . A Fourier transform was conducted on the two waveforms, the pitched machine has a slightly increased fundamental component (1.25%) this goes against Equation 5 which suggests a reduction in the back EMF of the machine as a result of pitching the teeth. This is expected to be because the reduced harmonic content picked up by the pitched teeth in their new position slightly reduces the saturation of the magnetic circuit, allowing the fundamental to increase. 
VI. EXPERIMENTAL RESULTS
A fully pitched MPM already existed from previous work. As the only difference between original and pitched machines is the tooth profile, all other components were reused; the rotor, stator hub, shaft, bearings and coils, and all associated insulation.
Figs. 12 and 13 illustrate the fully pitched and pitched machines and Fig. 14 shows a close up view of the flux concentrating rotor. 
A. Cogging Torque
The experimental rig consists of a rotary dividing head to rotate and hold the machine at small angular increments (in this case 1 
/ 12
th of a degree). This was coupled to a 2Nm Magtrol™ torque transducer, the output of which is fed into a data acquisition unit linked to a PC. The cogging torque of the two machines is shown in Fig.  16 . The pitched machine exhibits a significantly lower peak cogging torque, which has been reduced from 1.70Nm to 0.446Nm. This is a 74% reduction, reducing the peak cogging torque to only 2.2% of the machines rated torque.
It can be seen in Fig. 17 that the 6 th harmonic that the pitching aimed to supress has been significantly reduced. The 12 th harmonic is now the most significant. It must be noted that the 12 th harmonic could also be reduced by further tooth pitching. Pitching for one harmonic requires the teeth to be grouped into sets of two, where each tooth is alternately pitched clockwise or anti-clockwise. It is the case that if these groups of two are also pitched against each other for the 12 th harmonic, then this can also be reduced leading to a further reduction in cogging torque. The fundamental back EMF would be reduced further by this pitching the total reduction being equal to the multiple of the pitching factor of the 6 th and 12 th harmonics. 
B. Back EMF
The three phase back EMFs of both machines are shown in Fig. 18 and Fig 19 to illustrate that the pitched machine retains the balance between the phases. In both cases it can be seen that the inner phase (Phase B) has a higher magnitude than the two outer phases. There are two causes;
1. The inner phase of the machine has an equal contribution of mutual inductance from both adjacent outer phases. The outer phases however do not have this, as they are adjacent to only the inner phase. This means that mutual leakage fluxes affect the middle phase more than the outer phases. 2. As the rotor spans all three phases with no gaps, there are SMC and magnet sections above the stator phase separation gaps. The inner phase couples both of these additional rotor sections, whereas the outer phases couple only one.
The phase back EMFs for both machines are compared in Fig. 20 along with the harmonic content in Fig. 21 . The pitched machine, as in the simulations, has a slightly larger fundamental back EMF (101.8% of the fully pitched) and a reduced 5 th harmonic component (36.5%); this is less than would be expected from Equation 5 , which predicts a reduction to 25.9% of its original value. As the machines are star connected the triplen harmonics are not considered important. The line to line values of back EMF have also been analysed and show that the pitched machine provides a reduction in total harmonic distortion (THD) from 3.30% to 0.64%.
A final comparison of the pitched machine with the simulated FEA data is presented in Fig. 22 and Fig. 23 . The measured and simulated back EMF waveforms are almost identical. The measured and simulated cogging torque waveforms show similar harmonic characteristics but a reduced magnitude for the measured results. VII. CONCLUSION Modulated Pole Machines are well known for their high torque densities, yet they often suffer from high cogging torque and torque ripple. This paper has analysed a method for reducing cogging torque and improving the back EMF harmonic content of MPMs.
It has been shown that the main components of cogging torque present in a three-phase MPM are the 6 th and 12 th harmonics, as all other harmonics cancel. A separate-phase MPM had already been constructed for use in a previous project and the experimental results proove this to be the case.
A method of tooth pitching has been used in order to cancel the 6 th harmonic of cogging torque as well as to reduce the 5 th harmonic of back EMF. The approach is similar to coil pitching in conventional machines, where a machine is wound with the windings offset so as to reduce certain harmonic components in the back EMF. However in MPMs the coil cannot be pitched as the windings are simple hoop coils, instead it is the teeth that have to be shifted.
In this respect MPMs have a number of benefits when pitching is used compared to conventional machines. Since moving the teeth also affects the magnetic circuit the cogging torque can be reduced along with the harmonic 
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components of back EMF. Furthermore, because the machine is not slotted in the traditional sense the teeth can be placed at any angle around the circumference of the machine. This means that unlike the discrete slot positions of a standard machine, any harmonic number can be pitched for no matter what the pole/slot number of the MPM. In order to assess the validity of the concept both finite element and experimental results were obtained. A machine pitched for the 6
th harmonic was built, tested and compared with the fully pitched separate-phase machine, the results are summarised in Table I. Overall the back EMF of the pitched machine produced a back EMF that was higher than that of the original fully pitched machine, whilst reducing the cogging torque by 74% and the THD of the line to line voltages to 0.64%. Another important factor is that the number of components in the machine is unchanged; production of the stator component is also possible using the same manufacturing process as the fully pitched machine, therefore from a manufacturing point of view this cogging torque reduction method is free.
